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It is currently difficult to detect unknown viruses in any given environment. The recent discovery of CRISPR
(clusters of regularly interspaced short palindromic repeats) loci within bacterial and archaeal cellular
genomes may provide an alternative approach to detect new viruses. It has been shown that the spacer
sequences between the direct repeat units of the CRISPR loci are often derived from viruses and likely function
as guide sequences to protect the cell from viral infection. The spacer sequences within the CRISPR loci may
therefore serve as a record of the viruses that have replicated within the cell. We have cataloged the CRISPR
spacer sequences from cellular metagenomic data from high-temperature (>80°C), acidic (pH < 4) hot spring
environments located in Yellowstone National Park (YNP). We designed a microarray platform utilizing these
CRISPR spacer sequences as potential probes to detect viruses present in YNP hot spring environments. We
show that this microarray approach can detect viral sequences directly from virus-enriched environmental
samples, detecting new viruses which have not been previously characterized. We further demonstrated that
this microarray approach can be used to examine temporal changes in viral populations within the environ-
ment. Our results demonstrate that CRISPR spacer sequence-based microarrays will be useful tools for
detecting and monitoring viruses from diverse environmental samples.

Viruses are arguably the most abundant lifelike entities on
the planet (2, 29, 33); however, there are few effective ap-
proaches that characterize the diversity and composition of
viruses in any particular environment. Using our environmen-
tal data, we estimate that only 0.01 to 0.1% of all viruses
present within acidic hot springs have been isolated to date
(unpublished data). One reason for our poor understanding of
virus diversity is the difficulty of isolating and maintaining
potential cellular hosts in culture. This is especially the case for
microbial hosts from extreme environments. In an effort to
overcome some of the inherent limitations of culture-depen-
dent approaches, culture-independent viral metagenomic ap-
proaches have been undertaken to access viral diversity within
selected environments (1–5, 7–16, 18, 22, 28, 29, 33, 35). These
studies have generally found very high levels of viral diversity.
While a highly useful approach, viral metagenomic studies are
both time-consuming and expensive to perform.

The CRISPR (clusters of regularly interspaced short palin-
dromic repeats)/Cas (CRISPR-associated proteins) system is a
broadly distributed microbial immunity system to defend
against invading nucleic acids (viruses, plasmids, and mobile
genetic elements) and is thought to operate in many bacteria
and most archaeal species (6, 14, 17, 19–21, 23, 32, 34). The
CRISPR/Cas system has been found in 40% of sequenced
bacterial genomes and 90% of sequenced archaea from ge-

nome bioinformatic analysis (20). Our mechanistic under-
standing of the CRISPR/Cas system is rapidly emerging, but it
is currently incomplete (6, 17). The current model for the
functioning of the CRISPR/Cas system has three basic com-
ponents, which are (i) the recognition of the invading nucleic
acid (the viral genome) and the incorporation of short (32- to
36-bp) nucleotide sequences derived from viral genome se-
quences (termed spacer sequences) separated by approxi-
mately 45 nucleotides (nt) of host-derived direct repeat se-
quences within the cellular CRISPR loci, (ii) the transcription
of the CRISPR loci to produce small (68- to 75-bp) RNA
fragments that span from one direct repeat unit to the adjacent
repeat unit with the spacer sequence in between, and (iii) the
incorporation of the small RNA sequences into Cas-derived
protein complexes that are capable of targeting and inactivat-
ing viral genomes that correspond to the viral spacer sequence.
The number of CRISPR loci per genome varies from organism
to organism, as does the total number of CRISPR repeat
units/spacer units per locus. Some CRISPR loci are very short
(a single repeat unit and spacer sequence), while others are
long arrays of hundreds of repeat units and spacer sequences.
The repeat units within each CRISPR locus are almost always
identical to each other, but the spacer sequences are unique.
From the 59 archaeal and 602 bacterial sequenced genomes
containing CRISPR, a catalog of more than 28,500 unique
spacer sequences can be created (http://crispr.u-psud.fr
/crispr/). In addition, metagenomic studies from low-complex-
ity microbial community environments such as acid mine
drainage (1) or acidic hot springs (A. C. Ortmann, M. M.
Bateson, B. Bolduc, A. Mazurie, V. J. B. Ruigrok, F. F. Rob-
erto and M. J. Young, unpublished data) can yield upward of
10,000 unique CRISPR loci spacer sequences. The vast major-
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ity of the CRISPR spacer sequences do not correspond to
either known cellular or viral sequences present in the public
databases (30), suggesting that most CRISPR spacer se-
quences are derived from viral genomes which have not yet
been described. The CRISPR spacer sequences are unique
within an individual bacterial or archaeal genome and may
even be unique within individual cells, with the possibility that
each cell within the population has its own unique CRISPR
loci comprised of a unique set of spacer sequences. Recent
studies have also suggested that the CRISPR loci can be quite
dynamic, both incorporating new and removing previously ex-
isting spacer sequences quickly (1, 14, 30). Taken together, this
suggests the possibility that each CRISPR spacer sequence
corresponds to a unique viral genome and may be used as a
probe to detect previously unknown viruses.

We examined whether CRISPR spacer sequences could be
used to detect unknown archaeal viruses in an extreme thermal
environment. In comparison to the viruses of Eukarya and
Bacteria, very little is known about the viruses that infect Ar-
chaea. Of the estimated 5,100 known viruses, only 37 have been
isolated from Archaea (http://www.ncbi.nlm.nih.gov/ICTVdb/).
In spite of our inadequate knowledge of these viruses, their
discovery and characterization have significantly increased our
understanding of viral ecology and evolution. The high-tem-
perature (�80°C), acidic (pH � 4.0) hot springs found within
Yellowstone National Park (YNP) are dominated by Archaea
and their viruses, and as such these hot springs provide ideal
environments for searching for new archaeal viruses. The goals
of this study were to determine if a microarray approach based
on cellular CRISPR spacer sequences as probes can be used to
detect unknown viruses directly from YNP hot spring environ-
mental samples and as a new tool to monitor temporal changes
in virus populations.

MATERIALS AND METHODS

Hot spring study sites and sources of CRISPR spacer sequences. Two high-
temperature, acidic hot springs were used in this study. The first is an acidic
(�pH 2.5) hot spring (�82°C; designation CHANN041; 44.6532°N, 110.4847°W)
located in the Crater Hills area of Yellowstone National Park. Five samples
collected from CHANN041 at different times were used as a source of environ-
mental viral DNA for hybridization to CRISPR spacer sequence-based microar-
ray platforms (described below). In previous studies, CHANN041 was used for
generating both cellular and virus-enriched environmental metagenomic data
sets (see Table S1 in the supplemental material) (Ortmann et al., unpublished).
CHANN041 is a vapor-dominated acid-sulfate hot spring approximately 3 m by
21 m in size that does not have major inflow or outflow channels and that is
continuously mixing due to excessive outgassing. A cellular environmental met-
agenomic data set from a second hot spring, Nymph Lake 10 (NL10; �91°C; pH
3.5 to 4.5; 44.7536°N, 110.7237°W), was used as a source for additional cellular
CRISPR spacer sequences (see Table S1 in the supplemental material). The
individual reads from the cellular environmental metagenomic data sets from
CHANN041 and NL10 were used to identify cellular CRISPR-related sequences
that were used to create a library of CRISPR spacer sequences using the
CRISPR finder on the CRISPR home page (http://crispr.u-psud.fr/crispr/).

Virus-enriched environmental samples. Environmental samples collected
from CHANN041 were enriched for viruses. Briefly, cellular and viral fractions
were separated by size filtration (Fig. 1). The virus-enriched fraction was the
result of filtering hot spring water through two successive 0.8- and 0.2-�m filters
(Pall, Port Washington, NY) and retaining the flowthrough in sterile 26-ml
ultracentrifuge tubes. Upon return to the laboratory, the virus-enriched filtrate
was centrifuged at 25,000 rpm for 2 h to pellet virus particles. The virus pellets
were serially resuspended in 250 �l double-distilled water (ddH2O) (Sigma, St.
Louis, MO) and stored at �80°C until needed. Virus-enriched samples from
CHANN041 were collected on 1 August 2008, 13 October 2008, 14 January 2009,
9 September 2009, and 18 February 2010.

Microarray design. Two microarray designs were utilized. For the first-gen-
eration CRISPR spacer-based microarray, the platform was the CombiMatrix
(Mukilteo, WA) 4X2K custom array. This microarray design is composed of four
separate arrays, each with 2,240 spots. For the initial round of experiments, the
four arrays each contained identical sequences, allowing one to process four
independent samples on the same microarray. The following four groups of
35-bp oligonucleotide sequences were placed on the array: (i) sequences corre-
sponding to controls of archaeal 16S ribosomal DNA (rDNA) sequences derived
from YNP metagenomic data sets; (ii) sequences corresponding to the Arabi-
dopsis thaliana plant genome; (iii) known Sulfolobus viral sequences (Sulfolobus
spindle-shaped virus [SSV1] [25], Sulfolobus islandicus rod-shaped virus [SIRV1]
[26], and Sulfolobus turreted icosahedral virus [STIV] [27]); and (iv) CRISPR
spacer sequences identified in environmental metagenomic data sets from
CHANN041 (18; Ortmann et al., unpublished) and Nymph Lake (unpublished
data) (Table 1). Each CRISPR spacer sequence is represented in four sequence
forms on the array: perfect match (PM), 1-nt mismatch (MM), antisense perfect
match (anti-PM), and 1-nt antisense mismatch (anti-MM). The cellular spacer
sequences from CHANN041 that perfectly matched the paired viral metage-
nomes (Ortmann et al., unpublished) by BLAST analysis were preferentially
chosen for the microarray. All oligonucleotides placed on the array were de-
signed to have similar base compositions and predicted melting temperatures
(�65°C). The second generation of microarrays was expanded to include all of
the CRISPR spacer sequences derived from CHANN041 and NL10 cellular
metagenomes on the CombiMatrix 4X2K custom array. With this array design,
only two samples could be hybridized on each microarray, and each sample was
inoculated onto two separate arrays. For the second-generation microarrays,

FIG. 1. Overall schematic representing the methods used in this
study.
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35-nt CRISPR spacer sequences were represented as only perfect match and
1-bp mismatch probes. The 16S rDNA sequences, Arabidopsis sequences, and
Sulfolobus virus sequences were also included on the microarrays as controls
(Table 1). Sequences of all probes used on both generations of arrays are
provided in the probe list files in the supplemental material (array1_probelist.txt
and array2_probelist.txt).

Virus-infected Sulfolobus cultures. Cultures of Sulfolobus solfataricus strain P23

(24) either infected with STIV or noninfected were used as controls to test the
validity of the microarray. S. solfataricus P23 was cultured in medium 182 (http:
//www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium182) at 85°C and a
pH of 2.5. When the culture reached mid-exponential phase (optical density at
650 nm [OD650] of �0.2), it was infected with STIV at a multiplicity of infection
(MOI) of �1.7. Forty-eight hours postinfection, the culture was processed in the
same manner as environmental samples to separate cellular and viral fractions
(described above).

Preparation of samples for hybridization to CRISPR spacer sequence mi-
croarrays. The preparation of biotin-labeled viral DNA for hybridization to
CRISPR spacer sequence microarrays was performed as recommended by Combi-
Matrix. Briefly, 10 �l of virus-enriched sample was used in a whole-genome
amplification (WGA) reaction according to manufacturer protocols (Sigma).
After amplification, small oligonucleotides and nucleotides were removed using
the QIAquick PCR purification kit (Qiagen, Valencia, CA). The amplified DNA
was used in a biotin-labeling reaction according to manufacturer protocols
(Mirius, Madison, WI). The labeling reaction was subsequently treated to re-
move unincorporated biotin using the QIAquick nucleotide removal kit (Qiagen)
and eluted in a final volume of 30 �l ddH2O. Replicates of individual samples
were hybridized with similar concentrations of labeled DNA.

The prehybridization and hybridization steps were performed as recom-
mended by the manufacturer (CombiMatrix). Briefly, the microarray was rehy-
drated prior to hybridization by incubation in nuclease-free water at 65°C for 10
min. The hybridization chambers were filled with 30 �l of prehybridization
solution (see the supplemental material for all solution components) and incu-
bated with gentle rotation at 50°C for 30 min. The hybridization chambers were
then filled with hybridization solution and incubated overnight at 50°C. After
hybridization for 14 to 16 h, the posthybridization washing and posthybridization
labeling with FluoroLink Cy5-labeled streptavidin (GE Healthcare/Amersham
Biosciences, Piscataway, NJ) were carried out as directed by CombiMatrix pro-
tocols. Briefly, the hybridization chambers were sequentially washed with 6�
SSPE-Tween 20 (SSPET; 1� SSPE is 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM
EDTA [pH 7.7]), 3� SSPET, 0.5� SSPET, and phosphate-buffered saline–
Tween 20 (PBST) for 1 min each at room temperature (see the supplemental
material for the compositions of washes). After the chambers were washed,
biotin-blocking solution was added to the hybridization chambers and incubated
for 15 min at room temperature. The dye-labeling solution was added to the
chambers, and the array was incubated in the dark at room temperature for 30
min (see the supplemental material for the compositions of solutions). The
hybridization chambers were then washed with PBST and kept in PBS until
imaged. Microarray chips were reused up to four times by following the stripping

protocols of the hybridized DNA supplied by the manufacturer (CombiMatrix;
see the supplemental material).

Imaging and data analysis. Microarrays were imaged following recommended
protocols from the manufacturer (CombiMatrix). Briefly, a few drops of imaging
solution (provided by CombiMatrix) were added to the arrays, and the arrays
were placed in a GenePix 4000B scanner (Molecular Devices Corp., Sunnyvale,
CA), available at the Functional Genomics Core Facility at Montana State
University (Bozeman, MT). The instrument settings were as follows: photomul-
tiplicator (PMT) gain, 650; laser power, 100%; pixel size, 5; focus position, 100;
and lines to average, 2. The image was saved as a single-image TIF file and then
analyzed in GenePix Pro version 6.1 (Molecular Devices Corp.). The array
design files (supplied by CombiMatrix) were converted to a GenPix array list
(GAL) file using the GAL file tool (available from CustomArray, Inc.). The data
were extracted and analyzed using Excel 2007 (Microsoft). The mean back-
ground fluorescence was subtracted from the mean fluorescence for each spot on
the array. The spots that resulted in significant fluorescence above the back-
ground were used in further analyses.

RESULTS

Microarray design. The first-generation CRISPR spacer
sequence microarray was designed to test the ability of a
microarray approach to detect viruses in control and envi-
ronmental samples. The first-generation microarray con-
sisted of a total of 2,240 oligonucleotide probes. From a
total of approximately 2,000 unique spacers, 460 CRISPR
spacer sequences were selected from CHANN041 cellular
environmental metagenomic data sets (CH2007_04_cellular
and CH2007_09_cellular), which resulted in 1,855 probes (4
probes per CRISPR spacer sequence [PM, MM, anti-PM,
and anti-MM probes]; 19 spacers were used twice in order to
fill spots on the array). There were only 38 CRISPR spacer
sequences collected from the NL10 hot spring cellular meta-
genomic data set (NL2007_08_cellular), resulting in a total of
154 Nymph Lake-specific probes (PM, MM, anti-PM, and
anti-MM probes; two NL spacers were repeated). Controls on
each array included 104 probes to 4 of the 16S rDNA genes
identified in the CHANN041 and NL10 hot spring cellular
metagenomes, 119 probes to known Sulfolobus viral genomes
(50 SIRV1, 33 SSV1, and 36 STIV probes) that resulted in, on
average, one probe per viral genome open reading frame
(ORF), and 8 probes to the Arabidopsis plant genome (Table 1).

The second-generation microarray was designed to detect a
broader diversity of unknown viruses and to follow temporal
changes in viral population within the CHANN041 hot spring.
The second-generation arrays contained a total of 4,480 oligo-
nucleotide probes. This included 1,853 CRISPR spacer se-
quences selected from the CHANN041 cellular environmental
metagenomic data set, which resulted in 3,706 probes (2
probes per CRISPR spacer sequence [PM and MM]; one
CHANN041 CRISPR spacer sequence [CHsp] was repeated).
There were 264 CRISPR spacer sequences selected from the
NL10 hot spring cellular metagenomic data set and newly
created PCR libraries (unpublished data), resulting in a total
of 528 NL10-specific probes. The controls included on each
second-generation array were in the same categories as those
used on the first-generation arrays, but the numbers of in-
cluded sequences differed (Table 1).

Proof-of-concept experiments using the first-generation mi-
croarray platform. Three sets of controls were used to test the
validity of a cellular CRISPR spacer sequence-based microar-
ray to detect viruses. The first set of control experiments com-
pared the virus-enriched fractions of Sulfolobus laboratory cul-

TABLE 1. Probe category and the number of probes on the two
generations of microarrays

Probe category

No. of probes

First
generationa

Second
generationb

16S rDNA sequences 104 120
CHANN041 CRISPR spacer sequences 1,855c 3,706
NL10 CRISPR spacer sequences 154d 528
SIRV1 50 50
SSV1 33 32
STIV 36 36
Arabidopsis 8 8
Total 2,240 4,480

a The first-generation arrays contain 4 probes per CRISPR spacer sequence:
perfect match, mismatch, anti-perfect match, and anti-mismatch.

b The second-generation arrays contain 2 probes per CRISPR spacer se-
quence: perfect match and mismatch.

c There are 459 CHsp that have 4 probes per CRISPR spacer sequence; 19
CHsp were repeated to fill in spots on the array.

d There are 38 NLsp that have 4 probes per CRISPR spacer sequence; 2 NLsp
were repeated to fill in spots on the array.
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tures that were infected with STIV to Sulfolobus cultures that
were not infected with STIV. The purpose of these experi-
ments was to establish that our protocols for separating cellu-
lar and viral DNA were sufficient to specifically detect viral
sequences (STIV) with a relatively low background of cellular
sequence detection. The laboratory cultures were processed in
a manner identical to that for environmental hot spring sam-
ples. No viral sequences were detected by the microarray when
using DNA from the Sulfolobus cultures that were not infected
with STIV particles (Table 2). Sixty-four percent of the probes
(23/36) directed against the STIV genome were detected in
Sulfolobus cultures that had been infected with the virus (Table
2). Not surprisingly, it was not possible to eliminate the detec-
tion of all cellular signals present within the viral fraction. A
small number of the 16S rDNA probes were positive (2 to 3%)
(Table 2). As expected, no probes to Arabidopsis sequences
were detected. These results indicate that there was little non-
specific or cellular DNA hybridization detected by the
CRISPR spacer sequence microarrays.

The second proof-of-concept experiment involved spiking
hot spring water with a known amount of virus. STIV pur-
posely added directly to hot spring environmental samples was
detectable by the CRISPR spacer sequence array (Table 2). An
environmental sample of NL10 hot spring water (500 ml) was
spiked with 4.4 � 108 particles of STIV, and 500 ml was filtered
to create a virus-enriched fraction. DNA from the virus-en-
riched fraction was prepared for application on the microarray
platform. Labeled DNA (21 ng) was used in the hybridization
reaction, which we estimate represents DNA from 1.5 � 108

virus particles, assuming 100% recovery. We were able to de-
tect 15 STIV sequences out of the 36 probes present on the
microarray (Table 2).

The third set of controls tested for the effect of nonspecific
amplification as a result of using a WGA step in the DNA-
labeling protocol. Only a low level of nonspecific background
was evident as a result of the WGA reaction. Control reactions
of substituting sterile water for the virus-enriched template
were performed in two independent WGA reactions. After the
WGA reaction, the total amount of synthesized DNA was 310
ng. The maximum volume was added to the biotin-labeling
reaction, which represented approximately 80 ng and after

purification resulted in a final yield of 39 ng of biotin-labeled
DNA. The maximum volume of biotin-labeled DNA was sub-
sequently used to hybridize to the microarray, which resulted
in 7.8 ng of the no-template control (NTC) material being
hybridized to the microarray. Of the 2,240 spots on the mi-
croarray, only three spots were above background levels when
the NTC material was applied (Table 2).

Detection of spacer sequences from environmental samples.
A schematic overview of the experimental design to detect viral
sequences from environmental samples using the CRISPR
spacer sequence microarray platform is provided (Fig. 1). The
detection of potentially unknown viruses in CHANN041 was
examined using the first-generation CRISPR spacer sequence
microarray platform. The CRISPR spacer sequence microar-
ray was used to detect viral sequences within the virus-enriched
fraction from CHANN041 collected on 1 August 2008. In trip-
licate, 10 �l of the virus-enriched fraction was used in inde-
pendent WGA reaction mixtures (the triplicates will be re-
ferred to as CH0808A to CH0808C). The resulting DNA yields
after WGA ranged from 730 to 765 ng. Approximately 60 ng of
biotin-labeled material was subsequently hybridized to three
individual CRISPR spacer sequence microarrays at 50°C for
14 h. The total number of hybridized probes above background
levels ranged from 491 to 558 (data not shown). Of those spots,
236 to 261 represented unique spacer sequences, with the
remainder being redundant PM or anti-PM probes that were
also positive (see Table S2 in the supplemental material). Sin-
gle-base-pair-mismatched probes were often detected (data
not shown). A total of 221 unique sequences were common
among the three independent replicates. Five to 17 probes
appeared in only one of the three independent replications,
indicating consistency between the triplicate reactions (data
not shown). Of the 221 unique sequences shared in the three
independent replicates, 195 were detected by probes derived
from CHANN041 CRISPR spacer sequences, 8 sequences
were detected by probes derived from NL10 spacer sequences
(NLsp), 5 by STIV probes, 6 by SIRV1 probes, 3 by SSV1
probes, and 4 by 16S rDNA probes (see Table S2 in the sup-
plemental material). Overall, this represents �42% of the total
unique CHsp present on the microarray.

There was a significant overlap between the viral sequences
detected by the CRISPR spacer sequence microarray and the
viral population assessed by viral metagenomics (Ortmann et
al., unpublished). On average, 61% of the viral sequences
detected by the CRISPR spacer sequence microarray matched
viral sequences independently determined in CHANN041 by
using a viral metagenomics approach (Table 3), indicating
agreement between the viral metagenomics-based approach
and the CRISPR spacer sequence microarray approach. This
high degree of overlap is even more remarkable given that
there was at least 11 months separating the sampling dates of
the hot spring used for this microarray analysis and the viral
metagenomic analysis.

The CRISPR spacer sequence-based microarray was used to
detect viral sequences in a second CHANN041 virus-enriched
sample collected 5 months later, on 14 January 2009. In trip-
licate, 10 �l of the virus preparation was used in the WGA
reaction (the triplicates will be referred to as CH0901A to
CH0901C). The resulting DNA yields were 5.8 to 6.8 �g. One
microgram of the amplified DNA was used in a biotin-labeling

TABLE 2. Number and percentage of positive sequences detected
in proof-of-concept experiments using the first-generation arrays

Probea

No. (%) of positive sequences fromb:

SsoP23 plus
STIV

SsoP23

without STIV
NL plus

STIV NTC

16S rDNA 2 (2) 3 (3) 8 (8) 0 (0)
CHsp 76 (17) 2 (0.4) 23 (5) 2 (0.4)
NLsp 9 (23) 0 (0) 4 (11) 1 (3)
STIV 23 (64) 0 (0) 15 (42) 0 (0)
SSV1 0 (0) 0 (0) 1 (3) 0 (0)
SIRV1 0 (0) 0 (0) 2 (4) 0 (0)

a CHsp, spacers from the Crater Hills cellular metagenomes (collected in April
and September 2007); NLsp, spacers from the Nymph Lake cellular metagenome
(collected in August 2007).

b Numbers in parentheses are the percentages of probes detected from the
total number in each category. SsoP23 plus STIVc and SsoP23 without STIV, S.
solfataricus cultures infected and noninfected with STIV, respectively; NL plus
STIV, hot spring water collected from Nymph Lake spiked with STIV particles;
NTC, no-template control (WGA amplification of sterile water).
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reaction for hybridization onto the CRISPR spacer sequence
microarray. Biotin-labeled material (50 to 150 ng) was hybrid-
ized to three individual arrays at 50°C for 14 h.

There were 206 unique sequences detected across the three
independent microarray assays (see Table S3 in the supple-
mental material). The total number of positive probes was 521,
with many of these representing redundant probes (PM, MM,
etc.) to CRISPR spacer sequences (data not shown). There
were very few positive probes that appeared in only one of the
three triplicate experiments (2–6). Of the 206 common se-
quences detected on independent arrays, 187 were detected by
CHsp probes, 9 by NLsp probes, 4 by STIV probes, 3 by SSV1
probes, 1 by a SIRV1 probe, and 2 by 16S rDNA probes (see
Table S3 in the supplemental material). On average, 60% of
the CHsp-positive probes matched viral sequences present
in the viral metagenome (Table 3), indicating agreement be-
tween the viral metagenome and the CRISPR spacer sequence
microarray approach. Overall, these results indicate that the
CRISPR spacer sequence microarray can reproducibly detect
viral sequences in an environmental sample.

Detection and temporal analysis of viruses present in the
CHANN041 population. In order to determine whether the
CRISPR spacer sequence microarray can be used to monitor
changes in the CHANN041 virus population over time, the two
virus-enriched samples discussed above, which were collected 5
months apart, were compared (see Table S4 in the supplemen-
tal material). Of the approximately 424 total Crater Hills
CRISPR spacer sequences that were detected at the two time
points, 133 (35%) were detected at both time points (see Table
S4 in the supplemental material). Of the 133 shared CRISPR
spacer sequences between the samples collected at the two
time points, 113 matched the viral sequences present in viral
metagenomes independently produced from April and Sep-
tember 2007 sampling time points of CHANN041. In contrast,
there were 59 CRISPR spacer sequence-positive probes that
were unique to the August 2008 virus-enriched sample and 54
CRISPR spacer sequence-positive probes that were detected
only at the January 2009 time point (see Table S4 in the
supplemental material). These results indicate that the
CRISPR spacer sequence microarray can detect temporal
changes in the viral populations present in the environment.

The detection and temporal dynamics of hot spring viral

assemblages in CHANN041 were further examined using the
second-generation CRISPR spacer sequence microarray plat-
form, which included 4 times as many CRISPR spacer se-
quences (Table 1). Four CHANN041 sampling time points that
spanned 17 months from October 2008 to February 2010 were
examined. For each time point, equal amounts of biotin-la-
beled viral DNA (1 �g) were hybridized to separate CRISPR
spacer sequence microarrays. Independent replicate assays
were carried out for each time point. The number of viral
sequences detected by the expanded CRISPR spacer sequence
microarray varied between each sampling time point. This vari-
ation ranged from 244 positive CHANN041 CRISPR spacer
sequence probes for the October 2008 sampling date, 650 pos-
itive probes for the January 2009 sampling date, 525 positive
probes for the September 2009 sampling date, and 437 positive
probes for the February 2010 sampling date (Fig. 2; see also
Tables S5 to S8 in the supplemental material). Across the four
time points, 186 (�10%) of the total CHANN041 spacers
represented on the microarray were common to all sampling
dates (Fig. 2; see also Table S9 in the supplemental material).
Surprisingly, there does not always appear to be a correlation
between the proximity of sampling time points and the overlap
in shared viral sequences detected. For example, there appears
to be a time correlation of shared viral sequences detected
between the 6 months separating the September 2009 and
February 2010 sampling time points (359 shared viral se-
quences) compared to the 17 months separating the October
2008 and February 2010 sampling time points (186 shared viral
sequences) (Fig. 2). However, there is a lack of correlation of
shared viral sequences between the 9 months separating Jan-
uary 2009 and September 2009 (437 shared sequences) com-

FIG. 2. Representation of the change in CHANN041 environmen-
tal sequences detected over time using the CRISPR spacer microarray.
The percentages represent the proportion of the total CHANN041
spacers represented on the array (1,853) detected at any given time.

TABLE 3. Correspondence between first-generation CRISPR
spacer sequence-based microarrays and viral

metagenomics approaches

Fraction No. of CH CRISPR
spacer sequencesc

No. (%) of CHsp that
match viral

metagenomed

CH0808a 217 � 10 132 � 5 (61)
CH0901b 207 � 7 128 � 2 (60)

a Virus-enriched fraction from CHANN041 sampled in August 2008.
b Virus-enriched fraction from CHANN041 sampled in January 2009.
c The number of CRISPR spacer sequences placed on the microarray that

correspond to viral sequences present in the CHANN041 viral metagenome
produced from virus samples obtained in April and September 2007. Values are
reported as the averages and standard deviations of results from triplicate reac-
tions.

d The number of positive CRISPR spacer sequence probes that corresponded
to virus sequences present in the viral metagenome. Values are reported as the
averages and standard deviations of results from triplicate reactions.

VOL. 76, 2010 DETECTION OF VIRAL SEQUENCES USING A CRISPR MICROARRAY 7255



pared to the 4 months separating October 2008 and January
2009 (228 shared sequences) (Fig. 2). Of the 186 total detected
positive CHANN041 CRISPR spacer sequence probes over all
sampling times, 64 (34%) spacers matched viral sequences
detected within the viral metagenomes produced from the
April and September 2007 sampling time points (see Table S9
in the supplemental material).

Detection of CHANN041 viruses using NL10 CRISPR
spacer sequences. It is likely that CHANN041 and NL10 hot
springs have some overlap in their respective viral communi-
ties. One of the NL10 spacers matches a viral contig sequence
from a viral matagenome collected from CHANN041 in Jan-
uary 2009 at 100% nucleic acid identity. We have found that
several CRISPR spacer sequences from NL10 detect viral se-
quences in the virus-enriched fractions from CHANN041. In
the first-generation CRISPR spacer sequence microarray,
there were 38 unique (154 total spacer sequences, including
PM, MM, anti-PM, anti-MM) spacer sequences derived from
NL10. A total of 17 of these NL10 spacer sequences hybridized
to CHANN041 virus-enriched samples (see Tables S2 and S3
in the supplemental material). Between the two CHANN041
viral samples tested, there was only one common NL10 spacer
sequence detected over time (data not shown).

In the second-generation CRISPR spacer sequence microar-
ray, there were 264 unique spacer sequences derived from the
NL10 hot spring (528 total spacer probes, including PM and
MM probes). A total of 215 of these spacer sequences were
detected in the CHANN041 virus-enriched samples over time
(see Tables S5 to S8 in the supplemental material). However,
only 17 of the detected NL10 spacers were common in samples
collected at the four CHANN041 time points that were hybrid-
ized to the second-generation array (data not shown).

DISCUSSION

Currently, there are few effective approaches to detect un-
known viruses from environmental samples even though they
are likely the most abundant lifelike entities present in most
environmental samples (2, 33). The extreme environments that
Archaea often inhabit make discovering new viruses even more
challenging because of the difficulty of culturing organisms
from these environments. Total viral metagenomic approaches
provide one avenue for detecting new viral genotypes, but this
approach still suffers from being relatively expensive in terms
of both time and sequencing costs. The recent discovery and
mechanistic understanding of the cellular CRISPR/Cas system
provide a complementary approach for the detection of un-
known viruses from environmental samples. To that end, we
demonstrate here that a CRISPR spacer sequence-based mi-
croarray platform can be used to detect unknown viral genes in
a high-temperature, acidic hot spring environment and to mon-
itor temporal changes in the viral community.

We have established that the CRISPR/Cas spacer sequence
microarray platform is capable of detecting virus sequences
from environmental samples. Initial laboratory culture-based
experiments established that this microarray approach could
detect a known virus in culture and a virus spiked into an
environmental sample (Table 2). While the separation of cel-
lular and virus-enriched fractions is not complete (e.g., cellular
sequences are still present in the viral fractions), the amount of

cellular sequence carryover is sufficiently low to allow the de-
tection of viruses. It is unlikely that there is a significant
amount of the cellular CRISPR spacer sequences detected by
the microarray assay since only a subset of the probes were
positive at a given sampling time and they were significantly
different in positive probes between time points. There is high
reproducibility between independent replicates, and relatively
small volumes of environmental sample are required.

The CRISPR spacer sequence microarray is useful for ex-
amining dynamics in viral community populations. Over the
course of 17 months (October 2008 to February 2010), viral
sequences from CHANN041 were detected by only 186
CRISPR spacer sequences across all time points, indicating a
dynamic viral population structure (Fig. 2; see also Tables S9
and S10 in the supplemental material). The comparison of
these time points with the CRISPR spacer sequences collected
from the host metagenomes (collected in April and September
2007) reveals that 64 of the 186 shared CHANN041 CRISPR
spacer sequence probes match the viral metagenome (�34%).
This shared group of CRISPR spacer sequence probes may
represent a viral population present in the hot spring contin-
uously, and therefore the host population is under a selection
pressure to maintain these CRISPR spacer sequences. How-
ever, the number of spacers detected varies at only one of the
sampling times (see Table S9 in the supplemental material);
these sequences may represent more-transient genes. The
CRISPR spacer sequences detecting these viruses are not nec-
essarily under strong selection pressure to be maintained in the
cellular population. We speculate that these transient viruses
are not present in the hot spring for continuous periods of time
and are therefore difficult to detect using traditional methods.

Previous cellular metagenomic studies allowed us to create a
library of approximately 2,000 CRISPR spacer sequences de-
rived from YNP hot spring environments (18; Ortmann et al.,
unpublished). We suspect that multiple cellular CRISPR
spacer sequences are present in different regions of the same
viral genome, likely reducing the complexity of the true viral
population recorded within the cellular CRISPR loci. On the
other hand, our microarray hybridization conditions do not
require that there be a 100% match between probe and target
viral DNA in order for viral genome variants to be detected,
allowing for the detection of viral genome variants within the
environmental sample that are likely to exist. For the purpose
of the proof-of-concept experiments, we intentionally biased
the selection of CRISPR spacer sequences included on the
first-generation microarray to ones that were known to match
sequences present in our viral metagenomic data sets (col-
lected in April and September 2007). As expected, we did find
a strong correlation between viral sequences detected by using
the CRISPR spacer sequence microarray approach and those
detected by using the viral metagenomic approach from the
same hot spring environment (Table 3). The percentage of
CRISPR spacer sequence probes that matched the viral meta-
genomes was higher when the first-generation arrays were used
than when the second-generation microarray platform was
used (�60% versus �30%), because the preselection of
CRISPR spacer sequence probes on the first-generation mi-
croarray was biased toward those that had 100% matches to
the viral sequences detected in viral metagenomic studies. In
the second-generation microarray design, all usable CRISPR
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spacer sequences were placed on the array, thereby eliminating
the bias toward spacers that match the viral metagenomes.

It is evident that the majority of the CRISPR spacer se-
quence probes did not detect their corresponding target in the
virus-enriched fractions tested. The overall average percentage
of CRISPR spacer sequence probes that detected viral se-
quences using the second-generation CRISPR spacer se-
quence arrays was 28%. This suggests several possibilities. The
first possibility is that the CRISPR spacer sequences present in
the cellular metagenomes are to viruses that were no longer
present or dominant in the CHANN041 hot spring at the time
of sampling. This is what one might expect to observe if the
viral population structure is quite dynamic. In support of this
possibility, it is important to note that the cellular meta-
genomic sampling dates (April and September 2007 for
CHANN041 and August 2007 for NL10) were well separated
from the dates of sampling for the virus-enriched fractions
using both CRISPR spacer sequence microarray platforms
(CHANN041 sampling dates August 2008 through February
2010). Likewise, the differences in the specific positive probes
detected between the four samples using the second-genera-
tion CRISPR microarray approach also suggest a dynamic viral
population structure. Future higher-resolution temporal sam-
pling using the CRISPR spacer sequence microarray should be
insightful in further understanding the dynamics of these viral
populations within their natural environments. Second, the
CRISPR spacer sequences selected to be on the array could be
to nonviral targets that are not present in the virus-enriched
fractions. These nonrepresented targets could include other
invading nucleic acids, such as plasmids and transposable ele-
ments that are also thought to be acted upon by the cellular
CRISPR/Cas system. Third, the sensitivity of the CRISPR
spacer sequence microarray approach may not be sufficiently
high enough to detect low-abundance viruses, and/or the target
DNA amplification and labeling strategy could be biased to-
ward certain types of viral sequences present in the enriched
viral fraction. Finally, the viral population may have diverged
sufficiently between sampling points such that the selected
CRISPR spacer sequence probes no longer detect their viral
DNA. It is reasonable to assume that negative selection will act
on members within the viral population that have sequences
identical to active cellular CRISPR spacer sequence loci, re-
sulting in a shift of the viral genome population structure that
is able to avoid detection and possible inactivation by the
cellular CRISPR/Cas system. A more expanded CRISPR
spacer sequence microarray design, for example, one that has
all possible CRISPR spacer sequences known or spacers from
a closely related environment under study, should be quite
useful in detecting unknown viruses and following viral popu-
lation dynamics.

It is interesting to note that NL10-derived CRISPR spacer
sequences detect virus from virus-enriched fractions collected
from CHANN041. The two hot springs are separated by more
than 30 km. Previous research has shown that virus movement
between geographically isolated hot springs can occur and con-
tributes to the viral diversity within YNP (31). Another possi-
bility is that similar types of hot springs (those with similar pH
values, temperatures, chemistries, etc.) have similar host pop-
ulations which support overlapping virus populations. It is
likely that our microarray-based approach is capable of detect-

ing viruses that may be moving between hot springs within
YNP.

Several studies have investigated temporal changes of virus
populations within aquatic environments (7, 16, 28, 31). Most
of these studies have shown a link in virus structure change to
seasonality, time, or geographical location (7, 16, 28). In this
study, we were able to design a microarray that is capable of
detecting change in unknown virus populations within acidic
hot springs. Further investigation is required to determine
what environmental factors are driving the change in virus
population. We believe that this microarray-based approach
can be extended to other environments and other probe types
as well. For example, instead of utilizing cellular spacer se-
quences, one could use viral metagenomic sequences collected
from the environment of interest.

The CRISPR spacer sequence microarray has its limitations.
One limitation of the CRISPR space sequence microarray
assay is that it is not a quantitative measure of the amount of
virus present. Second, the microarray platform detects only
small segments (�35 nt) of viral genomes, and at present it is
difficult to assign detection by multiple CRISPR spacer se-
quences to a common viral genome. It is envisioned that with
future development, the CRISPR spacer sequence microarray
assay will guide isolation of full-length viral genomes and even-
tually aid in the isolation of the viruses themselves. In addition,
the CRISPR spacer sequence microarray requires prior knowl-
edge of the repertoire of the cellular CRISPR sequences
present in an environment, typically produced by investments
in environmental metagenomic studies. However, the CRISPR
spacer sequence microarray offers an attractive follow-up assay
that is relatively inexpensive for detecting and monitoring un-
known viruses in an environment. It is our goal to further
develop the CRISPR spacer sequence microarray approach to
aid in the discovery of novel viruses not only from extreme
environments but from any environment of interest.

DNA microarrays have typically been used to detect differ-
ences in gene expression. However, Wang et al. designed a
microarray for the detection of viral pathogens implicated in
emerging infectious diseases (36). The advantage these re-
searchers had in designing this array was the knowledge of the
viral targets. Nevertheless, the success of the “virochip” illus-
trates that detecting viral sequences contained in a community
sample using a DNA oligonucleotide microarray platform is
possible. In addition to the virochip, other studies have illus-
trated the usefulness of a microarray-based platform for iden-
tifying viruses in a particular sample. For example, Breitbart
et al. designed a microarray using viral metagenomic se-
quences collected from the gut of an infant (4). Using the
microarray, they were able to show that the viral community
within the gut of an infant dramatically changes in the first
couple weeks of life (4). The results of our study extend the
concept of using a microarray-based platform to detect previ-
ously unknown viruses in an environment and to monitor viral
dynamics over time. It is envisioned that the further develop-
ment of the CRISPR spacer sequence microarray will lead to
more robust methods to isolate and characterize these un-
known viruses. Future microarray designs include using longer
oligonucleotide probes (�70 nt) designed from the viral met-
agenomes. With further development, we foresee using the
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array as a “capturing device” by sequencing captured environ-
mental viral sequences hybridized to the probes.
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